In vitro cell transformation assay has proved to be a powerful means of quantitating the neoplastic action of sparsely ionizing radiation and analyzing the relevant damage-repair and expression processes 1-3). With respect to particulate radiations, however, transformation data are rather limited. The oncogenic potential of neutrons has been studied most extensively, due to the ready availability of neutron sources as compared with sources of other radiations. Findings of this kind are undoubtedly needed to provide a basis for high LET radiotherapy and for radiation protection standards.
In vitro cell transformation assay has proved to be a powerful means of quantitating the neoplastic action of sparsely ionizing radiation and analyzing the relevant damage-repair and expression processes [1] [2] [3] . With respect to particulate radiations, however, transformation data are rather limited. The oncogenic potential of neutrons has been studied most extensively, due to the ready availability of neutron sources as compared with sources of other radiations. Findings of this kind are undoubtedly needed to provide a basis for high LET radiotherapy and for radiation protection standards.
Borek et al. 4 ) have reported that low doses of 430 KeV neutrons induced neoplastic transformation of cultured golden hamster embryo cells with a relative biological effectiveness (RBE) of ca. 8. Subsequent studies with mouse 10Tih cells have shown that (1) RBE values for transformation were larger for neutrons of low energy than high energy, and tended to be larger at low doses than high doses 5, 6) and (2) with fission-spectrum nuetrons, transformation was significantly enhanced either at a low dose rate or by multiple fractions as compared to single equivalent total doses at a high dose rate' ' 8) . In this communication, we shall report the RBE of two neutron beams available in the National Institute of Radiological Sciences (NIRS) for transformation of 1OT1/2 cells.
IOTlh (clone 8) cells between the 7th and 9th passages were grown in Eagle's basal medium supplemented with 10% heat-inactivated fetal calf serum, which was selected because of is contact-inhibition property. In order to alleviate serum batch-dependent fluctuation of transformation), every growth medium was supplemented with 10-8 M triiodothyronine and 6 ng/ml insulin (final concentrations). Transformation and survival assay procedures were described in detail previously 10). In the present experiments, cultures seeded with 6.2 x 104 cells per 25 cm 2 plastic culture flask were grown for 11 days. At the time of medium renewal on the 6th day, flasks were filled with the growth medium and then kept undisturbed until the start of the experiment when irradiation was carried out. Immediately after irradiation of these 11-day-old plateau phase cultures, the cells were dispersed with 0.1% trypsin, then replated into assay dishes for development of transformed foci. A total of 150 assay dishes were normally used in each experiment. Scoring of type II and III transformed foci") was done after cultivation for 8 weeks. The transformation frequency was given as the ratio of the parametric mean of the Poisson distribution of transformed foci induced by a given dose to the number of cells surviving the same radiation dose. For survival assay the same dispersed cells as used for transformation assay were seeded into 100-mm dishes.
Neutrons with a mean energy of 2 MeV were produced by bombarding a Be target with 2.5 MeV deuterons from a Van de Graaff generator. The dose rate was ca. 7 cGy min -1 with a 10% gamma dose component. The second experiment was done with cyclotron-produced neutrons delivered at 78 cGy min -1 with a mean energy of 13 MeV and a 5% gamma component. The dose was measured at the position of a cell layer in the culture vessel by using the paired ionization chamber 12) for neutrons of either high or low energy. X-rays were delivered at 50 cGy min-' from the generator operated at 200 KVp and 20 mA with added filtration (HVL: 2 mmCu), as described in the previous report' 0). In low-energy neutron experiments, flasks, filled with the growth medium since the 6th day, were positioned vertically and cell-side forward to be horizontal beam. In high-energy neutron experiments, flasks maintained under the same growth conditions were set cell-side up and exposed to the vertical beam through a 6 mm lucite plate placed directly on top of the flask. For neutron irradiation, the cells were kept at ambient temperature for 20 to 40 min depending on the experimental design. Frequencies of transformation induced by 1.5 Gy of neutrons from the Van de Graaff generator and 2 Gy of neutrons from the cyclotron unit are given on a surviving cell basis in Table 1 . The values are indicated by a closed circle and a closed square, respectively, in Fig. 1 in relation to the X-ray dose response curve which was reported previously' 0) . The RBE values for transformation were 2.9 with the Van de Graaff radiation and 1.8 with the cyclotron radiation. The finding that low-energy neutrons from the Van de Graaff generator exhibited a higher REB than cyclotron-produced high-energy neutrons is consistent with other data, as shown in Table  2 , in which RBE values were calculated at the level of 1 to 2.6 x 10-3 transformation frequency. From the table, we see that the RBE of high-energy neutrons is likely to be slightly higher for cell killing (1.8 to 2.0) than for transformation (1.2 to 1.8) at approximately the same dose range (2 3 Gy of neutrons; see footnotes 2 and 5), or at least the same for the two endpoints. Thus, the use of cyclotron neutrons may be preferable in radiotherapy practice. Table 3 shows the results. The observed values were slightly affected by a different batch of serum from the one used in the single dose experiments in Table 1 , and, therefore, the results seems to be rather inconsistent, additionally because of a limited scale of the experiment shown in Table 3 . It appears that sub transformation damage caused by low-energy neutrons resulted in a 50% increase of the transformation frequency in 3
hours, whereas about 30% of transformation damage caused by high-energy neutrons was removed during the same interval. In accordance with the sparing effect found with cyclotron-produced neutrons when 10T1 cell survival was studied with a multifractional design by Ohara 13), subtransformation damage caused by 13 MeV neutrons appears to be reparable.
Hill et al. first demonstrated that fission-spectrum neutrons at reduced dose rates? and in fractions enhance neoplastic transformation. Our result with Van de Graaff neutrons seems to be consistent with theirs. To explain these results, we may suppose that two types of repair reaction occur essentially in series; one acts to modify initial , subeffective damage toward transformation, and the second involves a removal of resultant transformation damage which leads to transformation through a fixation process. On this basis, the above results may be interpreted by assuming that subeffective damage induced by low-energy neutrons is amenable to modification but is not susceptible to subsequent removal, whereas damage caused by high-energy neutrons is equally susceptible to the above two processes . Cellular repair of low-energy neutron damage in such a way as above may be called "error-prone repair" as 
